1. We performed patch-clamp recordings on acutely isolated dendritic segments and cell somata of rat neocortical pyramidal neurons to determine and compare the relative density of G protein-activated K¤ (GIRK) currents in the two cellular compartments. 2. Hyperpolarizing voltage ramps and elevation of extracellular K¤ concentration to 40 mÒ served to identify inwardly rectifying K¤ currents. Near-saturating concentrations of adenosine (100 ìÒ), baclofen (20 ìÒ) and serotonin (20 ìÒ) all produced robust GIRK currents in cell somata as well as in dendritic segments that were completely abolished by Ba¥ (200 ìÒ) . In addition to agonist-activated GIRK currents, both somata and dendrites displayed a constitutive Ba¥-sensitive inward rectification. 3. In order to compare the relative strengths of GIRK current responses in the two compartments, GIRK conductance was normalized to surface area. In contrast to intrinsic, G protein-independent inward rectification, which was comparable in size in the two compartments, all three agonists evoked significantly larger GIRK conductances in dendrites than in somata. 4. Our data suggest that several neurotransmitters might employ GIRK currents as a tool to directly modulate the electrical properties of dendrites. In concert with voltage-dependent K¤ currents and the hyperpolarization-activated cation current (Ih) of the dendrite, GIRK currents should dampen dendritic excitability and thus influence various aspects of dendritic signal integration.
specific role in neuronal computation. Within this context, the purpose of the present study was to determine whether dendrites of pyramidal neurons exhibit appreciable GIRK currents, and, if so, to relate dendritic to somatic GIRK current density. In order to obtain GIRK current measurements from the different cellular compartments of neocortical pyramidal neurons under favourable voltageand space-clamp conditions, we took advantage of the fact that established cell dissociation protocols yield not only acutely isolated cell somata, but also isolated dendritic segments which are also amenable to patch-clamp recording, as first published by Kavalali et al. (1997) . Using adenosine, serotonin, and the GABAB receptor agonist baclofen to evoke GIRK current responses, we report here that dendrites of neocortical pyramidal neurons display significantly higher GIRK current densities than the respective cell somata.
METHODS
Wistar rats (2-3 weeks old) were anaesthetized with ketaminexylazine solution (RBI, 1 ml kg¢ i.p.) and decapitated. Coronal slices, 400 ìm thick, were prepared from the sensorimotor cortex and processed as described previously (Alzheimer, 1994 Since we wished to express GIRK currents in terms of normalized conductances for later comparison among different neuronal compartments, we estimated membrane areas with the use of the whole-cell compensation circuit of the Axopatch 200 amplifier assuming a specific membrane capacitance of 1 ìF cm¦Â. In order to ensure the validity of this procedure in recordings from small dendritic segments, the electronically obtained value was cross-checked by geometric calculations using photographs such as the ones depicted in Fig. 1A . A plot of electronically vs. morphometrically estimated dendritic surface area yielded a linear correlation very close to 1 (Fig. 1B) corroborating the validity of both approaches. Rapid substance application to isolated dendrites was achieved by means of a remotely controlled, solenoid-operated Y-tube system. Adenosine, serotonin and baclofen were all purchased from Sigma. Data are presented as means ± s.e.m. Statistical analysis (one-way ANOVA with Bonferroni post-test comparison) was done with the use of Graphpad prism 2.0.
RESULTS
Representative examples of dendritic segments used for patch-clamp recordings are illustrated in Fig. 1A . Based on their cylindrical tube-like shape, their diameter (2-3 ìm) which was distinctly larger than that of axons, and their close morphological resemblance to apical dendrites which occasionally remained attached to pyramidal cell somata after dissociation, these processes were identified as segments of dendritic origin, most probably representing parts of the shaft of the main apical dendrite. Typically, dendritic segments were 40-80 ìm long and displayed no branching. Their mean surface area was 381·4 ± 42·9 ìmÂ determined electronically, and 372·3 ± 39·6 ìmÂ determined geometrically for the same dendritic segments (n = 11, GIRK currents were investigated using 700 ms voltage ramps from −20 to −130 mV in an extracellular solution designed to enhance current flow through GIRK channels and to abolish current flow through voltage-dependent Na¤ and Ca¥ channels (see Methods). Initial experiments using isotonic K¤ solutions were abandoned, since this condition often impaired recordings from dendritic segments, whereas elevation of extracellular K¤ to 40 mÒ resulted in stable recordings. Adenosine (100 ìÒ), baclofen (20 ìÒ) and serotonin (20 ìÒ) were applied at near-saturating concentrations (cf. Sodickson & Bean, 1998) . As illustrated in Fig. 2 , all three compounds produced a considerable increase in hyperpolarizing inward rectification of dendritic segments. In order to confirm that the agonist-induced inwardly rectifying current was indeed mediated by GIRK channels, we added Ba¥ in the presence of the agonist at a low concentration (200 ìÒ), at which it is thought to specifically block inwardly rectifying K¤ channels, and observed a complete reversal of the drug action (Fig. 2) . For the dendritic segments (n = 6) and somata (n = 18) exposed to baclofen, 67% of each proved sensitive. Adenosine evoked GIRK current responses in 60% of all dendritic segments (n = 15) and 63 % of all somata (n = 8) tested.
Serotonin-induced GIRK current responses were observed in 50% of all dendritic segments (n = 6) and 57% of all somata (n = 14). Compared with the data of Sodickson & Bean (1998) , where baclofen, serotonin and 2-chloroadenosine induced GIRK currents in 100, 93 and 98%, respectively, of all dissociated hippocampal pyramidal cell somata examined, the fraction of non-responders in our preparation is substantially higher. Assuming that all three agonists converge onto the same effector system (Andrade et al. 1986; Sodickson & Bean 1998) , this most probably reflects less robust receptor expression rather than lack of GIRK channels, since virtually no dissociated pyramidal cell somata of rat neocortex were found to be insensitive to all three agonists applied subsequently in the same recording session (T. Sickmann & C. Alzheimer, unpublished observations). In order to compare the density of agonist-evoked GIRK currents between somata and dendrites, we subtracted control current traces from traces recorded in the presence of each agonist to obtain the current-voltage (I-V) relationship of the GIRK current. Then we calculated the maximum slope conductance (between −110 and −130 mV) and normalized the value to the membrane area. The histogram of Fig. 3 summarizes the normalized GIRK conductances evoked by the three agonists in each cellular compartment. Comparison of the columns indicated that, for all compounds, GIRK current densities were significantly higher in dendritic segments than in somata (P < 0·05). In contrast to agonist-evoked GIRK currents, constitutive K¤ channel-mediated inward rectification did not differ between dendrites and somata. Evidence for constitutive, apparently G protein-independent inward rectification was first suggested by the observation that Ba¥ often not only reversed the action of the agonist, but also further reduced inward rectification beyond control level (Fig. 2) . We investigated this intrinsic effect of Ba¥ by subtracting current traces recorded in the presence of Ba¥ from control traces. Normalization of the respective conductances revealed that dendrites (0·15 ± 0·06 nS pF¢, n = 16) and somata (0·14 ± 0·02 nS pF¢, n = 14) display equal densities of constitutive inward rectification.
T. Takigawa and C. Alzheimer To allow a comparison between different cellular compartments, GIRK conductances were normalized to membrane area. The histogram summarizes data from dendrites (n = 4) and somata (n = 12) exposed to baclofen (20 ìÒ), dendrites (n = 9) and somata (n = 5) exposed to adenosine (100 ìÒ), and dendrites (n = 3) and somata (n = 8) exposed to serotonin (20 ìÒ). The histogram only includes data from positively responding somata and dendrites. Whereas baclofen, adenosine and serotonin produced remarkably similar responses within a given neuronal compartment, the response to each agonist differed significantly between dendrites and somata (*P < 0·05).
DISCUSSION
Our data provide direct evidence that several types of G protein-coupled receptor are functionally linked to GIRK channels in dendrites of rat neocortical pyramidal cells. The functional importance of dendritic GIRK currents is underlined by the observation that their conductance per unit membrane area significantly exceeded that of GIRK currents recorded at the soma. At the molecular level, GIRK channels are heterotetramers of the Kir3 (GIRK) subfamily of inwardly rectifying K¤ channels (Dascal, 1997; Yamada et al. 1998 ). In the rat neocortex, Kir3.1, 3.2 and 3.3 subunits are abundantly expressed, whereas, apart from in layer VI, the fourth cloned subunit, Kir3.4, is not detectable in appreciable amounts (Karschin et al. 1996; Murer et al. 1997) . The possibility that dendrites exhibit GIRK currents was raised by immunocytochemical studies on the subcellular distribution of GIRK channel subunits in various brain regions (Liao et al. 1996; Ponce et al. 1996; Drake et al. 1997; Murer et al. 1997) . In neocortical pyramidal neurons, Kir3.1 immunoreactivity is prominent in apical dendrites, but rather faint in somata, whereas Kir3.2 antibodies produce equally strong signals in the two compartments (Liao et al. 1996; Ponce et al. 1996) . Since Kir3.1 immunoreactivity in the dendrite is predominantly targeted to perisynaptic regions known to express G protein-linked receptors at high density (Drake et al. 1997 ), a functional coupling between GIRK channels containing the Kir3.1 subunit and these receptors appeared likely. Our data now lend electrophysiological support to this notion, suggesting that the dendritic GIRK currents observed here were mediated by G protein-gated tetrameric K¤ channels, most probably containing Kir3.1 and Kir3.2 subunits. In the absence of immunocytochemical data on the subcellular location of the Kir3.3 protein, the contribution of this subunit to dendritic GIRK channel assembly remains to be determined. In addition to subunits of the Kir3 subfamily, in situ hybridization demonstrated that neocortical neurons also express transcripts of all three subunits of the Kir2 (IRK) subfamily (Kir2.1-2.3, Karschin et al. 1996) . Ion channels arising from an assembly of Kir2.x subunits have been termed 'classical' inwardly rectifying K¤ channels, which, like GIRK channels, are sensitive to Ba¥, but are not activated by transmitters (Isomoto et al. 1997) . Instead, they seem to be constitutively active and are thought to contribute predominantly to resting K¤ conductance in many tissues (Isomoto et al. 1997) . Thus Kir2 channels are a prime candidate to account for the basal, apparently G protein-independent Ba¥-sensitive inward rectification that we observed in both somata and dendrites of neocortical pyramidal cells. Although we cannot exclude the possibility that GIRK channels display some degree of spontaneous background activity in the absence of G protein activation, the fact that GIRK conductance, but not constitutive inward rectification, differed between soma and dendrite would argue against them being mediated by the same Kir channel subfamily.
Why did all three agonists induce a stronger GIRK current response in dendrites than in somata? The preferential dendritic location of the Kir3.1 subunit, which is an essential component of many neuronal GIRK channels (Yamada et al. 1998) , would be consistent with the notion that a higher density of functional GIRK channels is present in dendrites than in somata. However, without additional immunohistochemical or biochemical data, we cannot exclude the possibility that an increase in receptor density along the somatodendritic axis, or a more efficient receptor-effector coupling in the dendrite might primarily account for the prominent GIRK current response in the dendrite. Whereas intrinsically active, presumed Kir2 channels should play a role mainly in determining the resting membrane potential of the dendrite, dendritic GIRK current should primarily serve as an instrument by which several neurotransmitters can directly modulate the electrical properties of dendrites. In the last few years, Na¤, K¤, Ca¥ and cation currents (Ih) have been identified in dendrites of CNS neurons (Huguenard et al. 1989; Stuart & Sakmann, 1994; Andreasen & Lambert 1995; Magee & Johnston, 1995; Hoffman et al. 1997; Kavalali et al. 1997; Magee 1998 ; for review see Johnston et al. 1996) . Given the functional significance of dendritically located ion currents (Yuste & Tank, 1996) , it is not surprising that their density in somatic and dendritic compartments appears to be delicately regulated. Some currents display approximately equal densities (Na¤ currents: Stuart & Sakmann, 1994; Magee & Johnston, 1995) or decrease in density along the somatodendritic axis of pyramidal neurons (high-threshold Ca¥ currents: Magee & Johnston, 1995) , whereas other currents such as the transient (A-type) K¤ current (Hoffman et al. 1997) , low-threshold Ca¥ currents (Magee & Johnston, 1995) and, as shown here, GIRK currents, are stronger in dendrites than in somata, suggesting that they are particularly important for the electroresponsiveness of dendrites. Active conductances in the dendrites have been implicated in a number of functions, including backpropagation of action potentials (Stuart et al. 1997) , amplification or attenuation of excitatory synaptic input (Lipowsky et al. 1996; Hoffman et al. 1997) , and coupling of electrical events to biochemical events at the subcellular level (Mulkey & Malenka, 1992) . Due to dendritic membrane hyperpolarization and shunting, GIRK channel activation would influence the threshold and shape of dendritic action potentials, counteract amplification of excitatory synaptic input in the subthreshold voltage range, reduce the availability of NMDA channels by favouring their voltagesensitive Mg¥ block, and influence biochemical processes initiated by Ca¥ influx through voltage-dependent channels.
Since GIRK channels appear to be present in dendritic shafts as well as in spines, where they are immediately adjacent to asymmetric (excitatory) synapses (Drake et al. 1997) , GIRK currents would not only affect electrical events occurring along the shaft, but also modulate properties of individual excitatory synapses associated with synaptic plasticity.
